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The results of studies on the dipole moments and the thermodynamics of the formation of complexes with an intermolecular
hydrogen bond are reviewed and the nature of the relation between the energies and lengths of intermolecular hydrogen bonds
is examined. The enthalpy-entropy relations for the formation of hydrogen-bonded complexes and the linear correlation
between the energy of charge transfer and the hydrogen bond energy are analysed and validated. The theoretical and experi-
mental results of the study of hydrogen-bonded complexes are examined from the standpoint of the donor - acceptor nature

of hydrogen bonds.
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1. INTRODUCTION

Numerous studies have been made on hydrogen bonds.
The interest in this common type of coordination interac-
tion can be accounted for by its exceptionally important
role in many physical, chemical, and biological processes.
A number of books'™®, general reviews'”, as well as
reviews on specific aspects of the hydro%en bond (theorsy 8-1s,
infrared and ultraviolet spectroscopy'”’'®, NMR'*7®*, and
reactivityzs) have been written. There exists an appre-
ciable gap in the survey of results of studies on the polar
properties of hydrogen bonds and in this field there exists
only a short and extremely limited review?.

Nevertheless the dipole moment is one of the most
important characteristics of the molecular complex,
since it carries information about the nature of the redis-
tribution of electron density and complex formation. This
parameter assumes particular importance when hydrogen-
bonded complexes are examined from the standpoint of the
donor—acceptor interaction, since it makes it possible to
assess the role of charge-transfer forces in the stabilisa-
tion of hydrogen-bonded complexes.

In the present review, an attempt is made to survey the
results of studies on the polar properties of intermolecular
hydrogen-bonds, to examine the question of the type of
correlation between the polarity and energy of hydrogen
bonds, and to discover the common features and differences
in the properties of hydrogen-bonded complexes and the
usual complexes of the donor—acceptor type (EDA com-
plexes). Mainly studies concerned with hydrogen-bonded
complexes formed by neutral molecules A—H and B are
dealt with in the review. Furthermore, the results which
make it possible to determine fairly reliably the parame-
ters characterising intermolecular hydrogen bonds are
given preferential consideration.

It is usual to refer to the components of the (A-H)-B
system as acid~base, or proton donor-proton acceptor,
or electron acceptor—electron donor respectively. In the
main, we shall use the terminology electron donor (B) and
electron acceptor (A-H).
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II. THE NATURE OF THE HYDROGEN BOND

The theoretical aspect of the hydrogen bond has been
examined in detail in the monographs and reviews men-
tioned above and will not be discussed here. We shall
only point out that a characteristic feature of research in
this field is a consistent increase in the number and
sophistication of studies devoted to both semi-empirical
and, particularly, non-empirical (ab initio) quantum-
mechanical calculations on systems with hydrogen bonds.
The latter is to a large extent due to the development of
methods for calculations on multielectron systems and to
the improvement of computational techniques.

The results of calculations of electron density redis-
tribution and molecular orbital populations on formation
of hydrogen bonds are the most important from the stand-
point of the understanding of the nature of the hydrogen
bond. Despite the wide variety of systems for which
calculations have been made, general trends can be
recognised'®™2. When a hydrogen bond is formed,
electron density shifts from the donor molecule B to the
acceptor molecule A-H. This type of electron density
redistribution has been observed also on formation of the
usual donor—acceptor bond®®. This factor justifies the
consideration of hydrogen-bonded complexes as complexes
of the donor—acceptor type. The magnitude of the trans-
ferred charge differs in different systems. For example,
it amounts to only 0.0064e for the water dimer?® and to
0.04e and 0.07e for the more stable complexes *° HOH.NH;
and FOH.NH;. Here the decrease of electron density at
the electron donor atom causes a charge redistribution
in the entire molecule B. The greatest increase of
electron density is observed in the region of the atom X
of the electron acceptor molecule A-X-H, *-%

In the solution of the problem of intermolecular inter-
action, the question of the forces leading to the formation
of complexes is extremely important. There have been
numerous studies designed to obtain quantitative estimates
of the contributions of Coulombic attraction, exchange
repulsion, inductive and dispersion interactions, and the
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stabilisation energy of relatively weak hydrogen bonds®’'*.

Using perturbation theory, Murrell and coworkers *"’*
developed a method which can take into account not only
the electrostatic interactions but also the effects of the
overlapping of the interacting orbitals of the donor and
acceptor molecules. This procedure makes it possible
to trace the trend in the changes of individual contributions
with increasing strength of the interaction. It has been
shown that the role of the inductive and exchange system
energies is not great: the main contribution to the energy
of hydrogen bonds comes from the Coulombic interaction.
The charge-transfer energy is low when the overlap inte-
gral S of the interacting orbitals is less than 0.1, but
increases rapidly with increase of s.® Consequently
the contribution of the charge-transfer energy is low for
weak hydrogen bonds, becoming more important for
moderately strong and strong hydrogen bonds. This
hypothesis is consistent with the results from the analysis
of the contribution of different forces to the stabilisation
energy of the usual complexes of the donor-acceptor type.
The contributions of the polarisation interaction to the
dipole moment (i¢c, D) and to the energy of formation (AH,
kecal mole™) of a number of charge-transfer complexes are
given below:

-8H -AH
Complex He (calc.) ke (expt.)
HMB* —chloranil (Ref.39) 0-5—0.9 2.2—2.4 1.0 5.4
HMB* - trinitrobenzene
(Ref.39) 1415 2.6—3.0  0.87 4.7
I2.NH3 (Ref.40) 0.91—1.96  0.34—1.68 6.4 4.8
12.N(CH3)3 (Ref:40)  0.30-0.57  0.04—0.13 6.0 10.2

t Hexamethylbenzene.

Comparison of the calculated and experimental values
shows that the role of polarisation interaction is consider-
able in comparatively weakly bonded complexes, the con-
tribution of electrostatic forces being comparable to the
contribution of charge-transfer forces. In stronger com-
plexes, the charge-transfer forces predominate over the
classical intermolecular interaction forces.

A similar situation probably obtains also for hydrogen-
bonded complexes. The hypothesis of a large contribution
of charge-transfer forces to the stabilisation energy of
hydrogen bonds and of the possibility of considering
hydrogen-bonded complexes from the common standpoints
of the donor-acceptor 1nteract1on and of Mulliken's theory
of charge-transfer complexes *”2 has been frequently put
forward**~*®, In recent years this concept has been
increasingly accepted and confirmed experimentally * %,

Whereas Mulliken did not classify hydrogen-bonded
complexes as electron—donor-acceptor complexes at the
time of the creation of his theory*, in his later studies
it is concluded that these two types of interaction are
similar and that hydrogen-bonded complexes can be
included 1n the general classification of charge-transfer
complexes*®., The classification is based on the type of
interacting orbitals—the highest occupied molecular orbital
of the electron donor and the lowest vacant orbital of the
acceptor, From this standpoint, compounds of the type
A-X-H can be regarded as ¢ acceptors; charge is trans-
ferred from the electron donor to the antibonding orbital
of the X-Ho bond. Hence it follows that the complexes
A-H...B can be logically regarded as part of the series of
other EDA complexes.

The main success of Mulliken's theory isthat it explained
the appearance in the electronic spectrum after complex
formation of a new absorption band, the so called charge-
transfer band. The fact that charge-transfer bands have
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not so far been reliably observed in the spectra of hydro-
gen-bonded complexes to some extent inhibits the extension
of this theory to such complexes**”*®, Nevertheless, the
spectra of the most stable EDA complexes of Group III
metals with different 7 donors also failed to exhibit
charge-transfer bands. Calculations have shown*®’* that
these bands should occur in the region of ultraviolet spec-
trum which is difficult to 1nvest1§ate experimentally (below
200 nm). Some investigators® 7% guggest with justifica-
tion that the charge-transfer bands for hydrogen-bonded
complexes also occur in the far ultraviolet.

The observed discrepancy between the enthalpies of
formation or stability constants of the complexes of a
given acceptor A-H with a series of donors B and the
jonisation potentials on the latter is sometimes quoted as
evidence against the possibility of treating hydro%en—
bonded complexes as charge-transfer complexes It is
noteworthy that such a discrepancy is frequently observed
also for typical EDA complexes®. Although the ionisation
potential is an important characteristic of the donor mole-
cule, it is not the only quantity which determines the rela-
tive stabilities of the complexes. The conditions governing
the overlapping of the interacting donor and acceptor
molecule orbitals are very important in the formation of
an intermolecular bond. This can be seen, for example,
from a comparison of the corresponding parameters of the
hydrogen-bonded complexes and iodine complexes. The
ionisation potentials I (eV) of the analogous amines, phos-
phines, sulphides, and ethers, the overlap integrals S
between the orbital of the corresponding heteroatom (indi-
cated in brackets) and the 5p orbital of iodine or the 1s
orbital of the hydrogen atom, and the enthalpies of forma-
tion AH (kcal mole™) of the correspondmg complexes of
iodine (Iz) and p-chloro-phenol (OH) are listed below:

CHIN  (GHP  (CHp)S (CHg)O

182 7.58 7.86 8.43 9.55

S ()8 0.29 (2sp®) 0.23 (3p) 0.14 (2sp?)
— AH (I,)* 11.4 — 8.5 4.2

S (O—H)* 0.48 (2sp®) 0.37 0.36 (3p) 0.43 (2sp?)
—AH (O—H)*%50 9.9 8.0% 5.0 6.3

* Data for (CH,),P

The overlap integrals of the orbitals involved in the
formation of the intermolecular bonds in iodine complexes
decrease in the sequence amine > sulphide > ether. The
ionisation potentials of these compounds increase in the
same sequence. Consequently both parameters, the
ionisation potential of the donor and the overlap integral
of the interacting orbitals, are responsible for the
observed sequence of decreasing enthalpies of formation
of the corresponding iodine complexes: amines > sul-
phides > ethers. Similar relations between I, S, and
AH have been observed also for hydrogen-bonded com-
plexes in the amine—phosphine—-sulphide series. Differ-
ences have been observed in oxygen compounds. The
ionisation potentials of ethers are much higher than those
of sulphides and yet the former give rise to much more
stable complexes. This discrepancy can be accounted
for by the more effective conditions for the overlapping of
the interacting orbitals inthe O~H...O (S = 0.42-0.43) link-
ages® than in the O~H...O (S = 0.36)® linkages.

From the theoretical standpoint, the increment in the
dipole moment Ap on complex formation is the most inter-
esting property of donor—acceptor complexes. In terms
of the approximation of the vector additivity method, Ap
is determined as the vector difference between the dipole
moment of the complex (¢ and the dipole moments of the
components pA-H and . A is directly related to the
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charge transferred from the electron donor molecule to
the electron acceptor molecule. The determination of
the nature of the relation between the magnitude of the
transferred charge and the energy of the donor—acceptor
bond is of fundamental importance. Comparison of the
theoretical and experimental relations may serve as a
criterion of the validity of the hypothesis concerning the
significant role of charge transfer in the stabilisation of
intermolecular bonds.

A linear relation between the degrees of charge transfer
and the enthalpies of formation of the complexes has been
established on the basis of extensive experimental data
embracing a wide variety of complexes of the donor—
acceptor type, the enthalpies of formation of which varied
from zero to 20 kcal mole~.%? The equation of the straight
line is

_ Ap
—AH_35.387D: , (1)

where AH, Ap, and 7pA. are respectively the heat of forma-
tion, the dipole moment increment, and the length of the
donor—acceptor bond and e is the electronic charge. A
similar linear relation between AH and A has been estab-
lished also for various hydrogen-bonded complexes, the
energies of which were between 4 and 26 kcal mole™, 778

Using the relation between the intensity of the stretching
vibration band of A~H in the infrared spectrum of the
hydrogen-bonded complex, the energy of formation of the
hydrogen bond, and the dipole moment increment on com-
plex formation, Togansen® also concluded that there is a
linear relation between AH and Ap.

The linear relation between AH® and Ap/erpa follows
from Mulliken's theory of charge-transfer complexes,
which has been described in fair detail in a number of
monographs 27%%-%  Here we shall only quote the funda-
mental equations necessary for the determination of the
nature of the relation between the most important parame-
ters of the complexes. According to Mulliken**" | the
wave function of the ground state of a molecular complex
DA can be formulated to a first approximation as the sum
of two terms:

Yy =ap, (D, A) + by, (D" —A7). (2)

The wave function Yo refers to the state of the system
without bonding. The interaction between the donor D and
the acceptor A takes place via the classical electrostatic
forces. The function ¥, refers to the state in which the
electron has been transferred from the donor to the accep-
tor. The coefficients @ and b characterise the contribu-
tion of the structure with charge transfer to the ground
state of the complex.

The wave function of the complex in the excited state is

g =a"p; (D* —A") — b, (D, A). (3)
An approximate solution of the Schridinger equation yields
the following expressions for the energies of the ground

and excited states of the complex (EN and EE) respectively
and for the coefficient ratios 6/a and b*/a*:

{Ho — EoSar)® (4)
Ex—E,

(_H(_;E_—EESL”; (5)
1— &y

b Hu—ESa . (6)

a E,—E, '

. —ES

?_;:__ H;l_éool s (7)

En=E,—

Ee=E,—

Y
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where
Ey= j‘PoH‘podTI Hy= 5. Do, dv; E,= j P fpydr; So= ‘Y‘Po‘pxdf =

= 28/(1 + 8%
are the overlap integrals of the wave functions ¥, and ¥,
and their expression in terms of the overlap integral S of
the corresponding interacting orbitals.

The equation for the energy of the charge-transfer band

hvet can be obtained from Eqns. (4) and (5):

hvet = Ex—Ey = (E,— Ey) [1 + (Z—:)’Jr (%ﬂ } (8)

The dipole moment increment Ap due to the charge trans-
fer on formation of the donor-acceptor bond can be
expressed as follows according to Mulliken's theory:

Ap =1, (0 + abS,y), (9)

where Ui is the dipole moment of the structure with com-
plete charge transfer. It is assumed that approximately

(10)

B =8rpa,

where DA is the distance over which the charge is
transferred. If the degree of charge-transfer is defined
as Ai/erpA, then, after substituting Eqn. (10) in Eqn. (9),
we obtain

A _
= b+ abSy.
The enthalpy of formation of the complex AH can be
assumed equal to the difference between the energies of
the ground state of the complex and the sum of the energies
of the initial components (EA + Ep):

AH =Ey—(Ea+ Ep).

(11)

(12)

This quantity may serve as a measure of the energy of the
donor-acceptor bond.

Simultaneous solution of Eqns. (4), (6), (8), (11), and
(12) yields Eqn. (13), which relates the fundamental
parameters of the complex—the enthalpy of formation AH,
the dipole moment of the donor—acceptor bond Au, and the
energy of the charge-transfer band Avet:

hvet Ap

—AH=—= . —— —[E;—(Ea+Ep),

A erpA (13)

where
a b*\? b\?*
=i o) [ (2]
For fairly stable complexes, the term Eo~(EA + ED),
which is a measure of the energy of the interaction
between the donor and acceptor molecules via the classi-
cal electrostatic forces, may be regarded as small com-

pared with the first term of Eqn. (13). In this case,
Eqn. (13) can be written in the form 2795}

aAH‘):’W_c‘ . e
A ey

(14)

According to Eqns. (13) or (14), the necessary and
sufficient condition for a linear relation between the
enthalpy of formation of the complex AH° and the degree
of charge transfer Au/erpA is the constancy of the term
hvet/A for different complexes. Calculations have shown*
that, within the limits of the accuracy of the estimates,
this quantity is indeed constant and equal to 1-2 eV, in
agreem)ent with the coefficient (1.5 eV) in the experimental
Eqn.(1).

We may note that the attempts to establish the nature
of the correlation between the strength and polarity of

]
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hydrogen bonds have been made frequently. Thus Sutton
and coworkers %’% compared the dipole moments of
hydrogen-bonded complexes with the equilibrium constants
K of the complex-formation reactions. However, owing
to the linearity of the relation between AH and AS (as will
be demonstrated below), the values of K cannot serve as a
sufficiently reliable measure of the energy of the hydrogen
bonds. Toyoda*® attempted to obtain a theoretical
description of the relation between AH and Ap on the basis
of Mulliken's theory. The following fairly rough approxi-
mations were adopted: @ =1, Sa = 0, Ap = 0%y, Eo =
const., and Ho; = const.

Assuming that the entropy of complex formation AS is
constant for different complexes and using the equilibrium
constants as a measure of the strength of the hydrogen
bonds, Toyoda obtained the relation

gK « VAp.

However, he correctly remarks in his paper that there are
no theoretical grounds for the constancy of Ho:.

In a recently published series of investigations
Ratajczak and Orville-Thomas obtained the following
expression using the relations from Mulliken's theory and
the same approximations as in Toyoda's work:

64-67
’

—AH:;—';HA;L)"'JFEO. (15)
1

On the basis of Eqn. (15), they concluded that there is a
linear relation between AH and (Au)*2. This correlation
was tested using extremely limited experimental data ®,

It must be emphasised that Eqns. (13) and (14), indi-
cating a linear relation between —AH and Ap/erpy, were
obtained***®* without introducing any approximations addi-
tional to those adopted in the derivation of the fundamental
equation of Mulliken's theory.

III. HYDROGEN-BONDED COMPLEXES AND PROTON
TRANSFER

The hypothesis that the hydrogen-bonded complex is an
intermediate in protonation reactions has been gaining
increasing recognition at the present time'2. Proton
transfer between the neutral molecules A~H and B via the
mechanism

is believed to be one of the fastest chemical reactions®®. .
Not so much the dynamics of the proton transfer process
as the question of the positions of the equilibria indicated

above is important for the problem discussed in this review.

The position of the equilibrium (I) = (II) determines in
many respects the feasibility and accuracy of the estima-
tion of the parameters of the hydrogen-bonded complexes
(see below). The equilibrium (II) = (I0) determines the
state to which the measured parameters refer. The
thermodynamic parameters of the formation of hydrogen-
bonded complexes are relatively insensitive to the position
of the equilibrium (II) = (III), since the energetics of the
formation of the complex A-H...B and the ion pair
A*...H-B~ in inert solvents are similar .

The problem of the origin of the dipole moment of the
hydrogen-bonded complex is most controversial. There
are two views. According to one, the dipole moment
increment on complex formation is caused mainly by the
presence in the system of the highly polar protonated form
of the complex A”...H-B*. The tautomeric equilibrium
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(II) = (II) occurs in solution and the experimental dipole
moment includes contributions from the dipole moments
of the weakly polar hydrogen-bonded complex and the
highly polar ion pair. Hence, Ap reflects either the
tautomeric (II) = (I) equilibrium constant®”°"™ or the
mole fraction of species with proton transfer”™"°,

The dipole moment increment is interpreted in a
different way from the standpoint of the electron donor-
electron acceptor interaction in systems with hydrogen
bonds. According to this concept, the differences between
the values of Ap for different hydrogen-bonded complexes
are not caused by the different contents of the protonated
form of the complex in solution but are determined by the
different degrees of charge transfer from the molecule B
to the molecule A-H in the hydrogen-bonded complexes.
Consequently, the experimental dipole moment refers to
the given hydrogen-bonded complex and the dipole moment
increment on complex formation is determined to a first
approximation by the magnitude of the transferred charge.
The ion pair (III) is regarded as the limiting state of the
hydrogen-bonded complex.

The non-linearity of the relation between Au and ApK g,
where ApKj is the difference between the pKja values
of the base and acid, is frequently quoted as one of the
pieces of evidence in support of the first view. The S
shape of the curves relating Au to ApKa is then interpreted
from the standpoint of the existence of two forms of the
complex, (II) and (II), having different polarities® /™77,
Furthermore, starting from the investigations of Barrow
and coworkers™ "%, who detected by infrared spectroscopy
two tautomeric forms of the complex in systems formed
by mono- and di-chloroacetic acids with pyridine in chlo-
roform, there have been numerous publications in which
the observed changes in the infrared spectra on interac-
tion between acids and bases are treated from the stand-
point of the formation of either hydrogen-bonded com-
plexes, or protonated forms of the complex, or of both
types of species in equilibrium ., The latter to some
extent justified also the treatment of Ap from the stand-
point of the presence of a tautomeric equilibrium in the
system. However, these two types of evidence cannot be
regarded as sufficiently reliable.

There exist extensive experimental data showing that
the pKga values cannot serve as a reliable measure of the
electron-donating and electron-accepting properties of
molecules and of the strength of hydrogen bonds. The
nature of these parameters is very complex and they
characterise not only the proton affinity of the molecule
but include also the energy and entropy of hydration of the
components®, Arnett et al.®*"°° failed to observe a
general correlation between the enthalpies of formation of
hydrogen-bonded complexes of a number of bases with
p-fluorophenol in carbon tetrachloride, on the one hand,
and the heats of protonation of these compounds in strong
acids (sulphuric and fluorosulphonic), on the other, having
shown thereby that the concepts of basicity in these pro-
cesses are not identical. At the same time, an excellent
correlation between the heats of protonation of bases in
chlorosulphonic acid and the pK g values has been demon-
strated on the basis of extensive experimental data®®. The
latter is quite natural, since both parameters characterise
the formation of solvated ions in the acid-base interaction.

In a study of the interaction of a number of bages with
p-fluorophenol in carbon tetrachloride and with p-fluoro-
benzenesulphonic acid in methylene chloride by '°F NMR,
Taft and coworkers®®*®" showed that the relative basicity
scale obtained relative to p-fluorophenol (hydrogen-bonded
complexes) differs from the basicity scale obtained for
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p-fluorobenzenesulphonic acid (ion pairs). As in the
previous case, the chemical shifts and AH values for the
systems with p-fluorobenzenesulphonic acid are satisfac-
torily correlated with the pKa values measured in water.
The dependence of the basicity scales on the acid proper-
ties ogsthe proton donor has been demonstrated by Hadzi
et al.

In a chromatographic study of the complexes of HC1 and
HBr with different bases, Iogansen et al.*® concluded that
the capacity for the formation of a hydrogen bond in terms
of energy is completely inconsistent with the strength of
the acid as defined by the dissociation constant. A gimilar
conclusion, namely that the strength of the hydrogen bond
is not determined by the tendency of the proton to pass
from the acid to the base (which is measured by the pKga
value), was reached on the basis of the infrared spectro-
scopic measurements of Av and AH for the complexes of
HX (X = F, Cl, Br, or I) with different bases'®”*®. A
similar situation has been observed for compounds con-
taining SH and OH groups. Mercaptans are stronger
acids than alcohols, but, other conditions being equal, the
compounds RSH form weaker hydrogen-bonded complexes
than the analogous compounds ROH.%

Thus it is clear from the foregoing that the correlations
of particular parameters of hydrogen-bonded complexes
with pKa and ApKga should be treated with much caution.
The linearity of the relations between pKga and some
parameter of hydrogen-bonded complexes may be expected
only in those cases where the acid—base interaction leads
to the formation of solvated ions. The parameters of
hydrogen-bonded complexes measured in inert solvents
should not be correlated, in principle, with pKa. This
applies, in particular, to the Au—ApKg correlation, as
stated above. The linearity of the relations between
AH, Av, and other parameters of hydrogen-bonded com-
plexes, on the one hand, and ApKa, on the other, which
is sometimes observed, refers as a rule to a narrow
range of similar complexes. The position of the equi-
librium (II) = (IIl), which is sometimes observed, depends
to a large extent on the medium.

In a study of the complexes of nitrophenols with ali-
phatic amines in benzene and in a benzene-cyclohexane
mixture by ultraviolet spectroscopy, Vinogradov and
coworkers ®°?1%1* gemonstrated the possibility of con-
verting the hydrogen-bonded complex into a protonated
form when a relatively small excess of the amine is added
to the solutions. The influence of the solvent on the
degree of conversion of the hydrogen-bonded complexes
into a protonated form has been observed in systems com-
prising p-nitrophenol and various bases in chloroben-
zene'®® and in the p-nitrophenol—-ethylenediamine system
in methanol, ethanol, dioxan, and their mixtures with
water'®, Analogous observations concerning the influ-
ence of the solvent on the state of the equilibrium (IT) =
(1) were reached also for carboxylic acid—base sys-
tems!” Benzoic acid reacts with triethylamine in
inert solvents (cyclohexane, carbon tetrachloride, and
carbon disulphide) to form hydrogen-bonded complexes,
while in acetonitrile and chloroform ionisation takes
place'”. The conversion of the protonated form of the
complex of trifluoroacetic acid with dimethylaniline into a
molecular hydrogen-bonded complex has been observed
by 'H NMR when the system was diluted with an inert
solvent!%,

The results of studies of the infrared spectra of the
H.O~HCl and NH3~HCI systems in a nitrogen matrix are
instructive!*’**2.  In an isolated matrix, the complexes
H20.HC1 and NH3.HCI are not ion pairs but consist of
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molecular complexes with strong hydrogen bonds. On
the other hand, the presence of ionic forms is charac-
teristic of these systems in a number of solvents. The
presence of only the molecular complex in solution without
an appreciable contribution of the protonated form has been
demonstrated by 1F NMR for complexes of p-fluorophenol
with a wide variety of bases in carbon tetrachloride!® and
other inert solvents'**. The conclusion that hydrogen-
bonded complexes are formed in binary systems of car-
boxylic acids and phenols with pyridine was reached on the
basis of infrared spectroscopic data''®.

Hydrogen-bonded complexes without the formation of
the protonated form have been observed also for the hexa-
fluoropropanol-triethylamine''® and acetic acid-pyridine**’
systems in benzene and for systems comprising HF and
different bases'®. The study of the infrared spectra of
the binary and ternary systems formed by a number of
carboxylic acids, including strong acids such as trifluoro-
and trichloro-acetic acids, with different bases led to the
conclusion that only hydrogen-bonded complexes are
formed; proton transfer was not observed'®. The study
of the dielectric relaxation times of the complexes formed
by picric acid with tributylamine in benzene'**’*# showed
that species of only one type exist in solution. The con-
ductivities of the solutions were low.

Thus one can evidently assume with adequate certainty
that, in the studies on systems with hydrogen bonds in
inert solvents, we are dealing in the vast majority of cases
with only one type of hydrogen-bonded complex, namely
complex (II), and not with a mixture of the two forms (II)
and (IlI). The measured parameters (Auc, AH, AS, etc.)
then refer to the complex A-~H...B and are not the overall
characteristics of the hydrogen-bonded complex-ion pair
equilibrium system.

IV. THE COMPOSITION AND THERMODYNAMICS OF THE
FORMATION OF HYDROGEN-BONDED COMPLEXES

We shall now examine the problem of obtaining the
most reliable data characterising the properties of the
complex A-H...B. Apart from the X~H bond, which
behaves as an electron acceptor on formation of the hydro-
gen-bonded complex, the A-—H molecule frequently contains
electron-donating atoms or groups. These are oxygen,
sulphur, and nitrogen atoms in alcohols, mercaptans, and
primary and secondary amines respectively and the CO,
PO, and SO groups in carboxylic, phosphoric, and sulpho-
nic acids and the m-electron systems in aromatic and
unsaturated compounds. Such polyfunctionality leads in
the majority of cases to the self-association of the A-H
molecules. The structure of the associated species (AH)p
and the degree of association # depend on the composition
and structure of the A-H molecules and on the conditions
under which they exist (the state of aggregation, the con-
centrations in solutions, and temperature)!?*%

Carboxylic acids tend to form in solution preferentially
cyclic dimers'?*™®15%°  The association of alcohols and
phenols is more complex. Dimers, trimers, and higher
polymers, to which both linear and cyclic structures have
been attributed, are observed in solutions of these com-
pounds 237123,1337146 e problem of the structure of the
associated species formed by alcohols and phenols has been
extensively discussed in the literature for a long time,
but, nevertheless, it still cannot be regarded as finally
solved23,123,138.

The capacity for self association depends both on the
electron-donating and the electron-accepting properties of
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the A-H molecules. However, in series of compounds
A-H with identical structures the introduction of electro-
negative substituents into the group A leads to a decrease
of the capacity of the A~H molecules for self association
simultaneously with increase of their electron-accepting
capacity. Such a tendency has been observed for alco-
hols®®, phenolg?®’*2$:1%:1145 " ang carboxylic acids®*’12871 %,
For example, the enthalpies of formation AHdim (kcal
mole™), and the stability constants K gim (litre mole™) of
chloro- substltuted acetic acid dimers in carbon tetrachlo-
ride decrease with the increase in the number of chlorine
atoms in the acid molecule

—AMgin Kgim
CH4COOH 8.4 1400
CH,CICOOH 7.8 701
CHCI,COOH 6.7 600
CCl1,CO0H 5.6 150

A similar decreased stability of the dimers with increasing
degree of halogenation has been observed in a series of
substituted fluorophenols*®:

—AHgp,
2F—CHOH 5.2

2,3,5,6-F—CGHOH 3.7
CoFsOH 2.9

The decreased stability of the associated species leads
to a decrease in the tendency of the A—H molecules towards
the formation of higher #-mers (AH), with > 2. For
example, it has been noted that the self-association of
polyfluorophenols proceeds via the monomer = dimer
mechanism, while in solutions of phenols and monofluoro-
phenols, cyclic trimers and tetramers and linear n-mers
have been detected'®®,

Steric factors also have a significant influence on the
capacity of the compounds A—H for self association®®’*4¢,
For example, ortho-substituted phenols show less tendency
towards self association than their para- and meta-sub-
stituted analogues. The reason for this may be either the
formation of intramolecular hydrogen bonds (for example
in o-nitro and o-halogeno-phenols***'*) or steric hin-
drance (for example, the absence of association in 2,6-di-
t-butylphenol**®).

The capacity of the A—H molecules for self-association
can lead to the formation, together with the AH...B com-
plexes, also of more complicated complex species having
the composition (AH)n.B. The addition of further A-H
molecules to AH.B takes place via the same coordination
centres as in the self-association of A-H. However,
charge transfer from the B molecule to the A-H molecule
increases the electron-donating capacity of the latter and
the AH...AH linkage is stronger than in the self-associated
species*®’®. For example, the energy of the C=0...H-0
hydrogen bond in 2 :1 complexes of carboxylic acids and
amines,

0.« H—0
4 Neo
RyN - HO—C{ O R

is greater than in the initial acid dimers, the strengthening
of this bond being greater the hlgher the enthalpy of forma-
tion of the corresponding complex The latter is prob-
ably associated with the increase of the electron-donating
properties of the carbonyl oxygen as a result of charge
transfer on formation of the O-H...N linkage.

In view of the self-association of A-H molecules and
the possibility of the formation of the complexes (AH)p...B,
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the interaction in systems with intermolecular hydrogen
bonds can be treated as a multistage process:

AH 4 AHS(AH), 5
(AH), + AHZ (AH),;

(AH),_, + AHS(AH),;

AH 4+ BSAH -B;
AH - B - AH5 (AH), - B

(AH),_, - B + AHS(AH), - B

In solution or in the gas phase, where there is a possi-
bility of the dissociation of the complexes into their com-
ponents, systems of this kind consist of a complicated
equilibrium mixture of complexes having different compo-
sitions and of the initial components. In a physicochemical
study of such systems, it is necessary to determine
simultaneously the parameters of all the complexes present
in the mixture, together with their stability constants,
which requlres the use of special methods for the inter-
pretation of the experimental results®’!*, If only one
comparatively stable complex is formed in the system, the
graphical and analyt1ca1 methods for the interpretation of
the measurements® used in the study of EDA complexes,
which are as a rule approximate, can be applied to the
determination of parameters of this complex. For weak
interactions or multistage processes, these methods are
relatively unsuitable and a rigorous solution of the problem
becomes possible only with the aid of a computer 753715,

In order to diminish the degree of self-association of
A-H and to avoid the formation of the complexes (AH)n.B,
one usually carries out experiments in dilute solutions or
a large excess of B is employed. However, the super-
position of secondary processes by the appropriate formu-
lation of the experiment is virtually never possible. Thus,
if the A-H compounds form fairly stable associated
species, self-association can be eliminated only at verY
low concentrations **’*#* (for example, 0.005M for phenol*Z®)
Under these conditions, the comparatively weak complexes
AH.B can be fully dissociated into their components or can
be present in such low amounts that they cannot be detected
because of the limited sensitivity of the given physical
method. On the other hand, when a large excess of B is
used, there is a possibility of complicating effects associ-
ated with the solvating action of the medium %****

The experimental results are frequently treated by
approximate computational methods, which are suitable
only for single-stage complex-formation processes. At
the same time, these methods do not involve criteria which
would confirm the occurrence in the system of only one
postulated equilibrium and do not allow a choice of the
concentration conditions in which the superposition of the
side process might be neglected?® >,

The majority of the methods proposed in the literature
for the calculation of equilibrium constants and the physical
parameters of complexes from physicochemical data
obtained in studies on solutions are based on the hypothesis
that the solutions are ideal (the activity coefficients of all
the components of the complex-formation reaction are
unity). However, under real experimental conditions one
is not always dealing with ideal solutiong®»*#1%4-15°  mpe
thermodynamic non-ideality of solutions results, in par-
ticular, from the use of solvents with high d1electr1c con-
stants (mtrobenzene dichloroethane, etc.) or from the
employment of solutions at high concentrations in the
experiments. Furthermore, solvents with electron-
donating or electron-accepting properties, such as aroma-
tic hydrocarbons, chloroform, methylene chloride, etc.
can enter into specific interactions with the components
of the test system. The equilibrium constants determined
under such condltlons are apparent and do not represent
the true values®
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An enormous amount of data has now accumulated on
the thermodynamics of the formation of complexes with
intermolecular hydrogen bonds. Most of the literature
results have been obtained from the temperature variation
of the equilibrium constants using a spectroscopic method
(ultraviolet, infrared, Raman, and NMR). The standard
free energies AG°, enthalpies AH?, and entropies AS® are
determined from the relations

AG® = —RT InK =AH*—TAS®, (16)
T =298 °K;
— AH, ASe 1
K = 24 2 (1)

AH® and AS® are usually found by a graphical proce-
dure based on Eqn. (17) from the slope of the linear plot
of InK against 1/7 and from the intercept on the ordinate
axis. The possible errors in the determination of K,
which were discussed above, can lead to a very significant
distortion of the values of AH®, AS°, and AG® determined
from the equilibrium constants®.

Iogansen and coworkers ¥ proposed a spectroscopic
method for the determination of the enthalpies of formation
of hydrogen-bonded complexes from the intensities of the
stretching vibration bands of the groups X~-H in the com-
plex and in the free molecule A-H and not on the basis of
the equilibrium constants.

It is noteworthy that an additional source of errors in
the determination of thermodynamic parameters by
spectroscopic methods may be the overlapping of the
absorption bands of the initial components and the com-
plexes and also the possible temperature variation of the
molar extinction coefficients®.

Methods for the estimation of the thermodynamic
parameters of hydrogen-bonded complexes on the basis
of parametric equations have been proposed in a number
of studies ®%®’*¢°7®3  For example, Drago et al.*
proposed a four-parameter equation:

— AH®= EpEa-+CpCa. (18)

The parameters Ep, EA, Cp, and CA characterise the
electrostatic and covalent properties of the donor and
acceptor respectively. The reliability of such paramet-
ric methods depends on the accuracy of the estimation of
the parameters in the corresponding equations.

The most reliable thermodynamic data for complex-
formation reactions can be obtained from direct calori-
metric measurements®?®, However, here too the
accuracy of the determination of the parameters depends
to a large extent on the method of mathematical treatment
of the results and on the inertness of the medium 28’%,
The Table presents what we believe to be the most relia-
ble thermodynamic parameters (AH® and AS°) for the
complex-formation reactions AH + B= AH.B. It
includes data obtained in the most inert solvents: hexane,
cyclohexane, octane, and carbon tetrachloride, and only
in a few instances in benzene, toluene, etc. Preference
has been given to calorimetric data. Complexes with
enthalpies of formation below 4-5 kcal mole™ have been
excluded from consideration because the errors associ-
ated with the influence of the medium in such cases are
comparable to the parameters being determined. Sys-
tems where it is virtually impossible to prevent the
superposition of side reactions owing to the strong associ-
ation of the compounds A-H or owing to the presence of
additional coordinat ion centres in the donors B are not
considered either.

One of the characteristic features of the thermody-
namics of the formation of donor—acceptor complexes of
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Thermodynamic parameters and dipole moments of hydro-
gen-bonded complexes.

—AH,
No. Complex keal | 8% |4 D |au,D Folvent eferences
mole-1

1 l 3 4 5 6 7 | 8
1| CH,OH -N(C, ), 5.4 | 16.4 2.6 | 0.55 |cH 167
2 C.l-i.OH-N(C,Hg, 4.86 | 14.3 | 2.51 | 0.48 ch:r CH| 195, 66
3 | CeHoOH - NCgHy 3.91 | 11.43.37 | 0.38 [cT.B | 196, 222
4 [ CgHyOH-NCsHg 398 — |4.23/0.8 |[B 168
5 | CF,CH,0H -N(CH,) 4.8 4.0 — —  kgas) 197
6 | (CF3):CHOH -OC(CH,)OC,H, 590 [13.0] — | = & 154
7| (CFy)sCHOH -OC(CH,N(CH), 822 | 147 — | — H 154
8 | (CFa)sOHCH -OB[N(CHy), s 863|103 — | — lopce| 18
9| CgHgOH-O(CH,) 6.06 | 15.0 | 3.20 | 0./9 |CT, CH| 198. 167
10 | CgHzOH -O(CH,),O 6.0 | 14.7 | 1.85| 0.39 [cT,CH| 199, &6
11| CgHsOH-OC(CH, )& 6.6 | 16.4(5.02 { 1.04 |CH,B | 199, 223
12| CgHyOH - OC(CHg)C,Hj 5.34 | 12.9 | 4,42 | 0.5 ICT, B | 200, 223
13| CgHsOH -OC(CH 54 | 4| — | = &T 201
14| CgHsOH -OC(CH,IN(CHy), 7.36 150 | — | — 202
15| CgHyOH - 0S(C 7.21| 18.7 | — | — 202
16 | CgHsOH - OP(OC,Hy) 6.4 | 11| — | — 203
17| CoHgOH -OP(SC,Hg)y 5.7 9.9 — — [cT 203
18| CyHyOH - OP(C,H), 84 | 12| — | — fe1 203
19 | CoH4OH -OP[N(CHy), ] 9.0 | 54| — { — Jer 203
20 | CgHgOH -N(C,Hpg)g 8.3 | 19.4| 3.01 | 1.04 |CT, CH| 204, 66
21| CgHsOH-NCgH, 8.0 | 18.1 | 4.30 | 0.9 [cH, 199, 66
22  CgHsOH - 2,6-(CHg),CsH,N 7.8 | 15.2| — |[v.70 |CT HPW 205, 74
23| CgHsOH -2, 4,6-(CHy)oCsH,N 7.5 | 15.7 | 4.26 | 0.78 |CT 206, 74
24 | 4-CHyGeH,OH - OC(CHN(EH,), 57 | 10.4] = | e 207
25 | 4-CH3C4H,OHNCyHy 6.02 | 13.0 | 3.84 | 0.34 |cT 196, 74
26 3-CHgCqH,OH -NCyHy 6.15 | 13.4 | 4.46 | 1.02 [CT,B | 196, 163
27 | 4-C,HyCyH,OH - OC(CHN(CH,), 84 | 16,0 — | = I\cH 208
28 4~ tert -C,H,CsH,OH-O(CH,), 5.6 | 12.4] — | — fcn 209
29| 3,4-(CHy),CgH;0H -N(C,Hy), 7.2 | 16.6 [ 3.80 [ 1.7 [0 53, 47
30 | 314-(CHy)2CaHsOH -NC.Hs 7.2 | 17.0 | 4.60 .16 0 5, A7
31| 2,6-(CHg) ,CgH;OH -N(C,Hy), 5.4 | 14.5(3.12|0.95 [0,B 53, 47
32| 2,6-(CH,),CsHsOH -NCgHj 6.6 | 17.2 | 4.5%%|0 95++O 53, 47
33 | 3-CF;CeH,OH - S(CHy), 54 | 15.2| — | — |cH 56
34| 3-CF4CyH,OH - OC(CHyN(CH,), 7.3 | 1.3 — | — |[cH 160
35 | 3-CF3CeH,OH - OC(CH,/OC,Hj 6.3 | 153 — | — [cH 160
36 | 3-CF4CeH,OH-OC(CH,), 7.4 | 164 — | — |cH 160
37 | 3-CF,CgH,OH - NCyHs 8.5 {166 — | — |[cH 202
38| 4-FCgH,CH-O(C,Hj), 56 | 14.2| — | — [cT 94,95
39 | 4-FCqH,OH-O(CH,), 57 | 131 — | — [cT 202
40 | 4-FCqH,OH -OC(CHgN(CH,), 7.44 | 139 — | — [cT o1, 202
41 | 4-FCqH,OH-OS(CHy), 6.6 | 10.9| — | — fcr 202
42| 4-FC4H,OH-0S(C,Hy), 6.3 | 13| — | — [cT 94
43 | 4-FC4H,OH-ON(CH,), 8.8 | 133 — | — [cT 04
44 | 4-FC.H,OH-ONC{Hy 7.5 | 126 — | — fer ot
45 | 4-FC,H,OH.OP(CH,), 7.7 101 — | — [cT 94
46 | 4-FCgH,OH-OP(OC,Hy)g 6.5 94| — | — [T o4
47 | 4-FCyH,OH-OP[N(CH,),]5 8.0 [106| — | — [CT 202
48 | 4-FCgH,OH -N(C,H;)q 8921 21.0 | — — [CT 160, 202
49 4-C1CeH,OH-O(CHy, 5.8 | 128 — | — 5
50 | 4-CICH,OH -OC(CH,), 495 103 — | — [T 210
51 [ 4-CIC4H,OH -OS(CHy), 6.7 | 109 — | — [CT 211
52 | 4-CICgH,OH -N(CH,); 7.4 | 13.0 | 4.30 [ 1.4 [cH 62
53 | 4-CICgH,OH - N(C,Hy)q 9.9 | 22.414.60|1.75 {0 53, 47
54 | 4-C1C4H,OH - NCgHy 9.4 | 20.2|5.07 | 0.83%0 53, 47
55 | 8-C1CsH,OH - OC(CHy), 53 | 10| — | — fer 210
56 | 3-CIC4H,OH -OC(CH)N(CHy), 6.9 | 11.7] — | — |cT 211
57 | 3-CICH,OH -N(C,Hyg)y 79 | 209 — | — [T 212
58 | 4-BrCq4H,OH-OC(CHy)N(CHy), 7.0 | 17| — | — fer 207
59 | 4-BrCgH,OH-OS(CH,), 6.8 | 109 5,00 0.71 fcT,B | 211, 228
60 [ 4-BrCqH,OH -N(C,Hy)g 10.0 | 21.7 [5.1** [2.24%*[0 53, 47
61 | 4-BrCgH,OH-NCyHgs 8.0 | 16.3 | 5.24 | 0.98 |O 53, 47
62 | 4-1C4H,OH -OC(CH ,)N(CHy), 6.5 | 10.6| — | — [cT 211
63 4-1C4H,OH -OS(CHg), 6.6 | 104 — | — |cT. 211
64 | 4-CH4OCyH,OH -N(C, Hy)g 8.4 — {2.87]0.61 |CT,B | 213, 70
85 | 4-CH;OCgH,OH -NC;H, 6.09 | 13.3 | 3.69 | 0.19 [CT.B | 16, 70
66 | 3,4-C1,CoH,OH - OC(CH,N(CH,), 7.2 | 126 — | — Jfer 211
67| 3,4-Cl,CgH;0H -OS(CHy), 74 | U8 — | — ler 211
681 3,4-Cl,CyH,OH -N(C,Hy), 8.0 [ 19.5] — | — fer 212
69 | 4-NO,CeH OH - OC(CHg)N(CHyg), 8.2 | .8 — | — fer 207
70 | 4-NO,CgH,OH - N(C,Hg)s 9.7 | 28.67.55|2.68 |p ped
71| 4-NO,CgH,OH -N(C,H), 9.3 | 19.6| — | — lopce| ou
72 | 4-NO,C4H,OH -NCgHy 8.4 | 16.4|7.31 | 0.96 JODCB | 214, 74
73] 3-NO;CgH,OH - N(C,Hy)g 8.5 | 21.7]5.32|1.20 [T,B | 212, 7072
T4 | 8,4-(NO,),CsH;0H -N(CiHg)s 84 | 14| — | — |B 69
75 3,4-(NOy)yCeH3OH -N(CyHa)g 9.2 |17.7] — | — B 69
76 | 3,4-(NO,),CoH,OH -N(C,Hy)s 1.0 | 187 — | — |cH 69
77 | CgHyCOOH - O$(CH,), 8.8 | 20.7| — — [T 215, 216
78 | CgHyCOOH -N(C,Hy)y 15.0%% 41.3 | 4.43|3.9 [B 48
79 | CgH,COOH -N(C,H.), 129 | 26.2(4.23]|3.8 [B 8
80 | CHCOOH - N(C,Hy), 11.6 — |361]35 B 48
81 | CH,;COOH -N(CgH,); 119 | 265| — | — IB -
82 | CH;COOH - N(C,Hy)a 10.0**| 19.1 | 3.80 | 3.7 [B 48
83 | CH,COOH -NC,Hy 7.0 | 14.5[3.73 | 2.1 |cT,B | 217, 225
84| iso- CyH,COOH -OP(CH,), 2.0 | 23.4| — | — et 218
85| CH,CICOOH- OS(CHy) 865 11.8| — | — fer 219
86| CH,CICOOH -OS(C,Hy)e 65 (721 — | — |er 219
87 | CH,CICOOH -OS(CH,CqHp)s 7.7219.39| — | — [cT 219
88 | CH,CICOOH -OSe(CyHy)e 11.8 | 19.3 — — Jer 218
89| CH,CICOOH -OP(CgHyr); 13.4 | 21.2| — — [CcT 219
90| CH,CICOOH -OP(C4Hpg)y 10.2. | 16.6 | — — fcr 219
'91 | CH,CICOOH - N(C,Hy)s 16.2*% 42.9 | 6.71 | 5.5**B 18
92| CH,C1COOH -NC,Hy 10.3 — | 4.80 | 2.3**|B 8
93| CH,BrCOOH -N(C;Hs), 16.9 | 46.6 | 6.84 ] 4.7 |B 18
94 CH,ICOOH -N(C,Hy), 16.6 | 45.6 | 6.66 | 4.7 |B 48
95 | CHC1,COOH - OS(CHy), 9.4 | 12.0| — — et 219
96 | CHC1,COOH - OS(CyHsCHy)e 9.4 | 11.8]| — - fCT 219
971 CHC1,COOH -OS(CeHy)y 2.9 710 — | — lcr 219
98 | CHC1,COOH -OSe(Cgty)s 142 | 239 — | — |cT 219
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Table (Continued)
—AHS,"
xeal
mole-1

1 2 | 3

99| CHC1,COOH - OP(CgHyr)s
100 | CHC1,COOH -OP(CgHy)s
401 | CHC1,COOH -N(C,Hp)s

CF,COOH -O(C,H,),

CF,COOH -O(CH,),
CF,COOH-OC(CH,)C,H,
5 | CF,COOH - OS(CHy),

CF,COOH - SO,(Cl,Hy)s
107 | CF,COOH - SO,(CH,),
CF4COOH -ON(CgHy),
CF3COOH -ONCgHg
CF,;COOH -OP(C,H,);CH,
1111 CF3CO0R,0P(OCHy)s
CF,COOH -OP[N(CHy), 15
CF;COOH -OAs(CgHyr)s
CF,COOH -N(C;Hg)s
CF,COOH -N(C;H,),
CF,COOH - N(CHy);
CF,COOH -N(CH,),CsHu
CF,COOH -NC;Hg
CCl,COOH -O(C,Hy),
CC1,CO0H -O(CH,),
CCI;COOH -OS(CHyg),
122 | CC1,COOH -OS(CCeHCH,),
123 | CCI,CO0H - OS(CeHs),
124 | CC1,CO0H - OSe(CyHg),
125 | CC1;COCH -ONCyHg
126 | CC13CO0H -OP(CyH;,),
127 | CC1,COOH - OP(CgHj)y
128 | CC1,CO0H -OAs(CgHyr)g
129 | CC1,CO0H -N(C,Hy)g
130 | CCICO0H -N(CyH,)g
131 | CC1;CO0H -N(CHy)y
132 | CCl,COOH -N(C5H,,)g
133 | CCI,COOH - N(CHy),CgHy,
CCIgCOOH - NCgHy
135 | CBrygCOOH -N(C,Hg)g
136 | C;H,NH-N(C,Hy)g
137 | CF,CO0H-0As(C,Hs)y
138 | CF,COOH -OAs(CoHg)a
139 | CFyCOOH -SAs(C,Hg)s
140 | CF,COOH - SAs(C,Hy),CeHp
141 | CF{COOH. SAS(C,H,), (n-CHyCeH,)
142 | CF4COOH - SAs(C,Hg), (n-CH{OC,H,)
143 | CF{COOH -SAs(CyHp)s (n-CoHsCeHy)
144 | CF,COOH -SAs(C,Hs)2 (n-Fc.,u‘;
145 | CFCOOH -SAs(CyHy)s (n-UICeH,
146 | CFyCOOH - SAs(CyHyg), (n-BrCgH,)
147 | CF4COOH - SAs(C,Hy)s (1-NOoCqHy)
148 | CF3COOH - SAs(C,Hy), (n-CH;COOCeH,)
149 | CF,COOH- SAs(CgHg)sCyHy

S0,
No. Complex l:,.u. He, D | Ap, D' lvemlkefctences
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* Abbreviations: B = benzene, H = hexane, HP = hep-
tane, O = octane, ODCB = o-dichlorobenzene, T = toluene,
CH = cyclohexane, CT = carbon tetrachloride.

** These data have been refined in relation to those
quoted in the relevant literature (more accurate calcula-
tions, replacement of benzene by a more inert solvent—
octane).

type nv and 70 is the so called compensation effect, i.e. a
linear relation between AH® and AS®, As shown pre-
viously*®, this relation is general for the complex-forma-
tion reactions A + B = A.B and is described by the equa-
tion

—AHY=—0337A8" +3.1. (19)

A linear relation between AH° and AS® was also observed
in series of throgen-bonded complexes having similar
compositions 154

The tabulated data, which cover a wide range of various
hydrogen-bonded complexes, are illustrated in Fig.1, in
the form of a plot of AH® against AS®. Evidently these
results fit fairly satisfactorily on a single straight line,
whose equation, found by the method of least squares, is

—AH°= —(0,346 + 0,013) AS® + (2.77  0.38). (20)

The correlation coefficient is » = 0.970.
Within the limits of the confidence intervals, the
coefficients of Eqn. (20) agree with those of Eqn. (19).
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Consequently the values of AH® and AS ° for hydrogen-
bonded complexes obey the relation characteristic of typi-
cal EDA complexes, which demonstrates the identity of
the mechanisms of the formation of both types of com-
plexes. A theoretical justification of the linearity of the
relation between AH® and AS° for the formation of donor—
acceptor complexes has been obtained'® and it has been
shown that it is caused mainly by the changes in the intra-
molecular degrees of freedom on complex formation.

The entropy of complex formation can be represented by a
sum of two terms:

AS = As‘mmsl +rot + AS int . (21 )

The first term of Eqn. (21) reflects the change in the
degrees of freedom associated with the motion of mole-
cules as rigid bodies and the second reflects the change in
the intramolecular degrees of freedom. The contribution
of AStransl. +rot. is always negative, since the binding of
two molecules, and in particular A-H and B molecules,
in a complex leads to the loss of three translational and
three rotational degrees of freedom. This contribution
(50-55 e.s.u.) is almost independent of the stability and
structure of the complex‘“. The appearance of six new
vibrational degrees of freedom, accompanying the forma-
tion of the intermolecular bond, makes the dominant con-
tribution to ASjnt. This contribution is always positive
and is greater the lower the energy of the donor-acceptor
bond*®.  For this reason, the absolute negative entropy
of formation of complexes increases with increase of their
enthalpy of formation.

The equilibrium constants for the formation of hydrogen-
bonded complexes are frequently used as a measure of
their relative stability. Such estimates must be treated
with caution. The existence of the so called “isoequilib-
rium temperature” which is equal to the slope of the AH°~
AS° linear plot, follows from the linear relation between
the enthalpy AH and entropy AS.'%?'85 At this tempera-
ture (346 + 13°K or 73° £ 13°C), the equilibrium constants
for all complexes obeying Eqn. (21) are similar. At tem-
peratures below the isoequilibrium value, the equilibrium
constants increase with the enthalpy of formation of the
complexes. Above the isoequilibrium temperature, the
opposite relation should hold. Hence it follows that only
those values of K which have been obtained below the iso-
equilibrium temperature may be used for the estimation of
the relative energies of the hydrogen bonds.

V. THE STRUCTURE OF HYDROGEN-BONDED COM -
PLEXES AND ESTIMATION OF THE POLARITY OF
HYDROGEN BONDS

Extensive experimental data have accumulated on the
dipole moments (DM) of molecular hydrogen-bonded com-
plexes. The Debye method, in which the concentration
dependence of the dielectric constants and densities or
refractive indices of fairly dilute solutions of the test sub-
stances is measured in inert solvents, is the commonest
method for the determination of dipole moments. The
measurement of the dipole moments of complexes by the
Debye method makes it necessary to take into account the
equilibrium constants®, which are either determined by
an independent procedure or from dielectric constant mea-
surements simultaneously with p¢, requiring the use of
jSpecial methods for the interpretation of the results?”* %~

. The difficulties arising in the measurements of the
dipole moments of hydrogen-bonded complexes in solution
and the methods for their determination are similar to
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those described above for the determination of the thermo-
dynamic parameters. The differences probably consist
in the fact that, other conditions being equal, the values of
pe are less sensitive to the influence of the solvent (natu-
rally, comparatively inert solvents are considered) than
the thermodynamic parameters. This is clearly shown,
for example, by a comparison of the values of pc and AH®
measured by the present authors*’’*® in benzene and octane
for the complexes of 4-bromo- and 3,4-dimethyl-phenols
with pyridine:

Benzene Octane
4-BrCeH,OH - NCyH, Be —AH° pe —AHC
5.24 6.9 530 8.0

3,4- (CH,);CeHyOH - NCgHy  4.40 5.9 440 7.2

Relation between —AH® and —~A S° for hydrogen-bonded complexes (the numbers of the points correspond

Within the limits of the present review, we are unable
to give a compilation of all the measurements of the dipole
moments of hydrogen-bonded complexes. We believe that
the Table lists the most reliable dipole moments of such
complexes. We may note that, in order to obtain infor-
mation about the polarity of the intermolecular hydrogen
bonds, one mainly considers the simplest systems in which
the formation of the intermolecular hydrogen bond is not
complicated by an additional interaction. Furthermore,
compounds where the enthalpies of formation have been
measured as well as their dipole moments are given pre-
ference.

Within the framework of the approximation of the vector
additivity method for the determination of Ap (the incre-
ment in the dipole moment of a hydrogen-bonded complex
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relative to the vector sum of the dipole moments of the
components), it is necessary to know not only the values
of p¢, MAH, and B, but algso the angles between these
vectors. The available literature data on the structures
of hydrogen-bonded complexes are considered below in
this connection.

Structure (I) is most probable for the 1 :1 complexes
of carboxylic acids with bases*®’*™172;

0
S 10
R=Q) 110°H\B . @

5/

The planar conformation of the carboxy-group with the cis-
disposition of the proton of the O—H group relative to C=0
has been established by gas-phase electron-diffraction

for the formic acid'”® and propionic acid'™ monomers.
X-Ray diffraction studies on the 1:1 complexes of tri-
chloroacetic acid with pyridine N-oxide'™ and of p-bromo-
and p-chloro-benzoic acids with piperidine'”® have shown
that the cis-conformation of the carboxy-group persists
also in the hydrogen-bonded complexes. It was estab-
lished that complex formation does not cause any signifi-
cant changes in the structures of the electron donor and
electron acceptor molecules, with the exception of the
groups directly involved in the formation of the hydrogen
bond'”®. This behaviour is characteristic of no com-
plexes, particularly the complexes of halogens with #
donors®,

The orientation of the B molecules relative to the
X-H...Y bond depends on a number of factors. For
sterically unhindered compounds, it is determined pri-
marily by the state of the orbital occupied by the free
electron pair of the corresponding heteroatom. As in the
formation of intermolecular bonds in donor-acceptor
complexes, in the hydrogen-bonded complexes the prin-
ciple of maximum overlap probably holds®®, From this
standpoint, the most probable structure of the complexes
of carboxylic acids with amines and phosphines is one
where the X-H...Y bond axis coincides with the symmetry
axis of the RsN or R;P molecule (the sp® orbital of the lone
electron pair of the heteroatom). In complexes with
sulphides and selenides, the planes of the R.S and Rz:Se
molecules are almost perpendicular to the X-H...Y axis
(P orbital). In complexes with oxygen compounds, the
angle between the plane of the donor molecule and the
X~H...O axis is approximately 120°, which corresponds to
the sp® hybridisation of the atomic orbitals of oxygen.
However, this angle is not constant in different complexes,
appreciable variations being observed 22’7,

The problem of the structure of the 2:1 complexes of
carboxylic acids is still obscure. It has been shown that
the hydrogen-bonded ring of the carboxylic acid dimer is
planar and has a centre of symmetry'™ ** [structure (II)],
The dissociation of one of the hydrogen bonds in the dimer
and the formation of a 3:1 complex are associated with
significant changes in the conformation of the dimer.
Analysis of the dipole moments of such carboxylic acid
complexes with amines*® leads to the conclusion that they
most probably have conformation (II):

PO (m)
R Ron.. o8
0-.-H—0
ot el
Ry o R . (o)
}
R,
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The changes in the structure of phenol molecules on
complex formation are insignificant, as for carboxylic
acids*®’'®®, The orientation of the B molecules relative
to the X—H...Y linkages in the complexes of phenols and
alcohols was assumed to be the same as in the complexes
of carboxylic acids. In the calculations of Ap, the same
group dipole moments and valence angles were used as in
earlier studies?”®’!™, The calculated values of Anfor
the corresponding complexes are listed in the sixth column
of the Table.

-AH, kcalmole™ [ I
20 -
70
a5 0 as 10 4rA°
Figure 2. Relation between ~AH® and A7: I) for typical

EDA complexes; 1I) for hydrogen-bonded complexes;

1) (CH:OH)z; %% ) [2,6-(CH)sCoHsOH J; %27

3) [3,4-(CHs)2CeHsOH |2; * 21 4) (4-C1C,HAOH),; 274

5) (HCOOH),; ****2 6) (CHsCOOH)z; 2* 1) [(CHs)s.
.CCOOHJz; 2% 8) (C,H;COOH)y; } *2%

9) (c.-,choon)a%““‘”’36 10) (CC1sCOOH)y; *2°* 8 11) (HsC-
C=C-COOH)z; '*"*" 12) (CeHsCOOH )z; ******® 13) 2 6-
(t-CaHs)CeHa.O(CHa)s; *® 14) 4-C1CeHsOH.N(CzHs)s; 7%

15) CeHsCOOH.N(C2zHs)s; *"**® 16) CsHsCOOH.N(CzHs)s. 2322172

The energies of the intermolecular hydrogen bonds
vary over a wide range: from a few to several tens of
kcal mole™ (see the values of AH® in the Table). Appre-
ciable differences in the X-H...Y bond lengths are
observed at the same time. It was of interest to elucidate
the relation between these most important parameters of
hydrogen-bonded complexes. A relation between AH® and
Ar (Fig. 2, curve I), where Ar = rexp — Z7cr is the
difference between the experimental length of the donor-
acceptor bond and the sum of the covalent radii 7¢cr of the
atoms forming this bond, was obtained previously'® for
donor-acceptor complexes of type #v and 0. For com-
paratively weak complexes, with enthalpies of formation
up to 8-10 kcal mole™, there is a definite parallelism in
the variation of AH® and A7: the higher the intermolecular
interaction energy the shorter the coordinate bond. The
maximum approach of the molecules (A7 = 0) is reached
for ~AH® = 14-16 kcal mole™. Consequently, when the
enthalpy of formation of a particular complex of type nv or
no reaches this value, one can assume with a fair degree
of certainty that the length of the donor-acceptor bond in
this complex is equal to the length of the corresponding
covalent bond in conformity with Fig. 2 (curve I).
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Naturally, owing to their mutual repulsion, the X, H,
and Y atoms in systems with a hydrogen bond cannot form
an X-H...Y linkage whose length is equal to the sum of the
covalent radii X, 27y, and ry. However, as in the EDA
complexes, here too one may expect a limit to the approach
of the molecules for a specific interaction energy. Fig.2
(curve II) presents a plot of AH® against A7 for hydrogen-
bonded complexes. Here A7 = ¥gxp — Z¥cr, ¥exp being
the experimental X...Y distance in the A-H...B complex
and Zrer = rX + 27y + 7y. In order to plot AH® against
Ar, the most reliable enthalpies of formation and inter-
atomic distances in hydrogen-bonded complexes were used.
Owing to the lack of experimental data, the results of
quantum-chemical calculations were employed for systems
17-20; for systems 13-15, the bond lengths were obtained
from the Av-7xy correlation®®,

The fact that the nature of the relation between AH° and
Ar for hydrogen-bonded complexes and EDA complexes is
the same is most striking. In systems with comparatively
wezak hydrogen bonds (up to 10 kcal mole™), the values of
Arincrease appreciably with increase of AH®, but for
stronger interactions A7 changes little. It is extremely
remarkable that the limiting approach of the A~H and B
molecules in hydrogen-bonded complexes is reached for
approximately the same intermolecular interaction energy
as in the usual EDA complexes.

It follows from the analysis of curve (II) in Fig. 2 that
Ar is constant and approximately equal to 0.5 A for com-
plexes with an intermolecular hydrogen bond the enthalpy
of formation of which exceeds 12~14 kcal mole™. Hence
one may conclude that, in comparatively stable A~H...B
complexes, the minimum X-H...Y distance within the
limits of the approximations introduced, may be close to
the sum X + 27y + 7Y + 0.5 A,

The correlation between AH° and A» proved extremely
useful for the estimation of the intermolecular hydrogen
bond lengths 7x,..y from the AH® for the corresponding
complexes. We have used it widely for the estimation
of the degrees of charge transfer Au/erpAa.

VI. RELATION BETWEEN THE DEGREE OF CHARGE
TRANSFER AND THE ENERGY OF HYDROGEN BONDS

The most important evidence in support of the hypothe-
sis that the intermolecular hydrogen bonds are of the
donor—-acceptor type is provided by the analysis of the
relation between the degree of charge transfer and the
energy of formation of hydrogen bonds. A linear relation
between ~A H® and Ap/erpA has been established*”® for
a number of hydrogen-bonded complexes, mainly those of
carboxylic acids and phenols. In the present review,
we attempted to survey results referring to a wider range
of systems, including the results of studies in recent
years.

According to theoretical quantum-chemical calcula-
tions, the maximum fraction of the transferred charge is
localised near the atom X in the X—-H bond. One can
assume to a first approximation that the charge is local-
ised at the X atom. In this case, the distance pA over
which the charge has been transferred and which is
necessary for the calculation of Au/e7 DA is equal to »xy.
We obtained the values of 7 xy with the aid of a plot of
AH® against A7 (Fig. 2, curve II) using the values of AH®
for the corresponding complexes.

Fig. 3 shows a plot of the relation between the values
of Au/erpA, calculated in terms of the DA = Xy
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approximation and the enthalpies of formation of the com-
plexes listed in the Table. Evidently all the results fit
fairly satisfactorily on a single straight line. Its equa-
tion is found by the method of least squares to be

aAm=(38.0¢5.1)%"—L;+ (B9 = 1.4). (22)

-AH, kcal mole™

| 1 1 | 1 1

g ar qz 43 G4 A5 A6 Aulerpy

Figure 3. Relation between —AH® and Au/erpa for
hydrogen-bonded complexes (the numbers of the points
correspond to the numbers in the Table).

The fairly high correlation coefficient (0.946) shows
that, within the limit of the approximations adopted in the
calculation of the degrees of charge transfer, one can
postulate with a definite degree of certainty a linear rela-
tion between —AH® and Ap/erpA for hydrogen-bonded
complexes.

The linear correlation between the degree of charge
transfer and the energy of intermolecular hydrogen bonds
established on the basis of experimental data is consistent
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with Eqn. (13) derived from the equations of Mulliken's
theory of charge-transfer complexes. According to

Eqn. (13), the intercept which the linear plot of -AH®
against Ap/e7pA makes on the ordinate axis is a measure
of the energy of the inte rmolecular interaction via classi-
cal electrostatic forces. The value of 3-4 kcal mole™
obtained in Eqn. (22) agrees fully with this hypothesis.

The slope of the linear plot of —AH®° against A/erpA is
equal, according to Eqn.(13), to the ratio of the energy

of the charge-transfer band Avet and the parameter A.
The latter can be found from the dipole moment of the
complex and the overlap integral for the interacting orbi-
tals®®*®.  According to Eqn. (22), hvct/A =~ 1.6 €V for
hydrogen-bonded complexes. On the basis of this quantity
and knowing the parameter A for the given complex, it is
possible to estimate the position of the charge-transfer
band in the electronic spectrum of this complex. The
calculations showed that such bands for hydrogen-bonded
complexes should occur in the far ultraviolet (below

200 nm).

It is remarkable that the slopes of the linear plots
corresponding to Eqns. (1) and (22), which have a fully
definite physical significance, agree within their confidence
limits. Hence it follows that the relations between —AH°
and Ap/e7pA for hydrogen-bonded complexes and typical
EDA complexes are similar. This constitutes an experi-
mental confirmation of the validity of the hypothesis, but
there is no fundamental difference between the natures
of the forces leading to the formation of both types of
complexes.

The linear relation between the degree of charge trans-
fer and the energy of intermolecular hydrogen bonds may
be regarded as the most fundamental evidence for the
donor—acceptor nature of the hydrogen bond, since this
relation actually reflects the main features of the mecha-
nism of the donor—acceptor interaction.
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